The crystallographic structure and morphology of redox active transition metal oxides have a pronounced effect on their electrochemical properties. In this work, h-MoO 3 nanostructures with three distinct morphologies, i.e., pyramidal nanorod, prismatic nanorod and hexagonal nanoplate, were synthesized by a facile solvothermal method. The morphologies of h-MoO 3 nanostructures were tailored by a controlled amount of hexamethylenetetramine. An enhanced specific capacitance about 230 F g −1 at an applied current density of 0.25 A g −1 was achieved in h-MoO 3 pyramidal nanorods. Electrochemical studies confirmed that the h-MoO 3 pyramidal nanorods exhibit superior charge-storage ability. This improved performance can be ascribed to the coexistence of its well exposed crystallographic planes with abundant active sites, i.e., hexagonal window (HW), trigonal cavity (TC) and four-coordinated square window (SW). The mechanism of charge-storage is likely facilitated by the vehicle mechanism of proton transportation due to the availability of the vehicles, i.e., NH 4 + and H 2 O. The promising, distinct and unexploited features of h-MoO 3 nanostructures reveal a strong candidate for pseudocapacitive electrode materials.
Introduction
The physicochemical properties and electronic structure of transition metal oxides have been a subject of intense fundamental research. 1, 2 Transition metal oxides are considered promising candidates for electrochemical energy-storage (supercapacitors and batteries) applications due to their excellent reduction-oxidation (redox) properties (M n+ + e − → M n±1 ). 3, 4 Recently, supercapacitors have emerged as promising electrochemical energy-storage devices due to their spectacular features such as higher power density compared to batteries (∼10 4 W kg −1 for supercapacitors and ∼100 W kg −1 for batteries), quick charging/discharging (ms-min) and excellent cycling stability (10 4 -10 6 ) in aqueous as well as non-aqueous electrolytes. 5 Supercapacitors have attracted considerable attention because of their potential use in vehicle start/stop/ start operation and micro-electro-mechanical and portable electronic devices. 6, 7 To date, binary transition metal oxides (MnO 2 , CoO 3 , V 2 O 5 , etc.) 8, 9 have gained enormous attention as prospective electrode materials for supercapacitor applications (based on intercalation pseudocapacitance and surface pseudocapacitance). The capacitive behavior can be improved by tuning the state of crystallinity of the materials, e.g., amorphous or crystalline. However, this approach is found to be strongly materials system dependent, for example Zheng et al. 10, 11 and Farsi et al. 12 showed that the amorphous RuO 2 ·xH 2 O and amorphous MoO 3 nanostructures store more charge than their crystalline counterparts, respectively, while recently Brezesinski et al. 13 and Kim et al. 14 found that the crystalline MoO 3 and Nb 2 O 5 are superior to their amorphous counterparts as charge-storage carriers.
Nanostructuring of the binary transition metal oxides in various crystallographic structures has also been considered an effective and feasible approach to improve the electrochemical performance of the electrode materials. 15 To date, layered binary transition metal oxides have been studied frequently due to their two dimensional crystallographic structure, which provide effective paths for the conduction of electrolyte ions. However, binary transition metal oxides with three dimensional (3D) crystallographic structures (open-structure), which can provide 3D conduction paths for electrolyte ions have not been explored. The 3D crystallographic structure † Electronic supplementary information (ESI) available: Transmission electron microscopy (TEM) and high resolution transmission electron microscopy (HRTEM) of pyramidal nanorods; comparison of reaction times to prepared h-MoO 3 nanostructures, FTIR spectrum of pyramidal nanorods, prismatic nanorods and hexagonal nanoplates; atomic representation of hexagonal framework; Cyclic voltammograms (CVs) of pyramidal nanorods, prismatic nanorods and hexagonal nanoplates at higher scan rates; BET isotherms of all three samples; charge/discharge profiles of pyramidal nanorods; prismatic nanorods and hexagonal nanoplates at the various current densities; FESEM images of pyramidal nanorods before and after cycling; Bode plot of pyramidal nanorods, prismatic nanorods and hexagonal nanoplates; electrochemical performance comparison table. See DOI: 10.1039/c5nr01505g primarily exists in the metastable phase of binary transition metal oxides such as spinel-MnO 2 , beta-V 2 O 5 , MoO 3 , etc. 9, 10, 13, 15 Among them MoO 3 is considered an interesting material due to the high electrochemical activity of its stable as well as metastable polymorphs. [16] [17] [18] The thermodynamic stable phase of MoO 3 , i.e., α-MoO 3 possesses a layered (ABA) framework structure (i.e., 2D), while its metastable polymorphs possess an open-structure (i.e., 3D) in the hexagonal phase (h-MoO 3 ), a layered (AAA) framework structure in the MoO 3 -II phase and rutile or distorted rutile structure in the β-MoO 3 phase. 19 To date, the electrochemical properties of α-MoO 3 have been investigated. Various strategies have been employed to enhance the electrochemical performance of α-MoO 3 , for example nanowire arrays 20 core/shell architecture 21 decorations of conducting supports ( polymers) 22 and incorporation of CNT and nanocomposites with other oxides. 23, 24 However, these efforts did not improve the specific capacitance significantly. Recently, a kinetically favoured intercalation mechanism was proposed, benefiting from the mesoporous and iso-oriented nanocrystalline domain of the layered α-MoO 3 , 13 for improved Li + ions storage (605 C g −1 ). In addition to all the efforts made to date, several computational and experimental studies have shown that the crystal plane structure of the electrode materials has a substantial influence on the electrochemical performance of materials. [25] [26] [27] Therefore, size and shape controlled nanomaterials are essential in unleashing and understanding their intrinsic properties, which are critical in electrochemical applications. More recently, the highest achievable specific capacitance of 326 F g −1 (at 0.25 A g −1 ) using α-MoO 3 nanobelts has been reported, but the loading mass tends to be low (∼0.51 mg). 28 Also, the specific capacitance of α-MoO 3 nanoplates as high as 280 F g −1 (calculated from non-rectangular CV curves) has been achieved, benefiting from the small diffusion length of the ions into the nanosheets. 29 Most recently, Chang et al. introduced the concept of the work function difference to enhance the working potential window of an asymmetric supercapacitor device based on rGO-α-MoO 3 , in an aqueous electrolyte solution. 30 Due to an inter-layer spacing (6 Å) between the two layers of α-MoO 3 , it can accommodate a massive amount of electrolyte ions (0.28 Å for H + ), but its poor conductivity limits the diffusion of the ions. Compared to α-MoO 3 that has intercalation sites along one dimension only, the open-structure of h-MoO 3 offers an increase in the degree of freedom (from 1 to 3) for electrolyte ions to intercalate in all possible directions. The hexagonal phase of MoO 3 (h-MoO 3 ) can be considered a promising host material for electrolyte ions because of the availability of the various intercalation sites, i.e., hexagonal window (HW), trigonal cavity (TC) and four-coordinated square window (SW). The open-structure of h-MoO 3 could facilitate intercalation as well as diffusion of ions to realize improved supercapacitor performance.
Taking into account all these factors, we have synthesized h-MoO 3 nanostructures using a facile solvothermal method. The synthesis of h-MoO 3 nanostructures with diverse mor-phologies has been rarely found; this is related to the difficulty in phase formation due to thermodynamic (formation enthalpy and entropy of constituents) barriers. [31] [32] [33] We have previously attempted to tune the morphology of h-MoO 3 using thiourea as the source of ammonium ions. With the increase in the loading amount of the ammonium ions, a predominant formation of a flower-like morphology was observed. In this work, we are able to circumvent the challenges limiting pseudocapacitive behaviour by judicious control of the synthesis in tuning the physical structure of the h-MoO 3 nanostructures.
Experimental

Chemical used
All chemicals, Mo powder 99.9%, H 2 O 2 (30%), HNO 3 (conc.), potassium hydroxide (KOH) flakes and hexamethylenetetramine (HMTA) were used as received from Alpha Aesar and Sigma Aldrich, respectively, without further purification.
Preparation of h-MoO 3 nanostructures
To synthesize h-MoO 3 with pyramidal nanorod, prismatic nanorod and hexagonal nanoplate-like morphology, a simple yet effective solvothermal approach was employed, modified from our previous report 32 with the use of hexamethylenetetramine (HMTA) as a structure directing agent instead of thiourea (CS(NH 2 ) 2 ). In brief, peroxomolybdic solution was prepared by the addition of hydrogen peroxide (H 2 O 2 ) into a 20 ml glass vial containing 0.50 g of Mo powder. In a typical synthesis procedure, 100 mg, 150 mg and 250 mg of HMTA in 10 ml of DI water were used. The solution of HMTA was slowly added into peroxomolybdic solution and left for stirring. The reaction times to prepare h-MoO 3 are compared with the other synthesis routes, and presented in the ESI, Table S1 . † The solvothermal reaction was carried out at 100°C for 18 h. Finally, the precipitates were collected and washed thoroughly with ethanol and DI water to remove loosely bound or bulk particles. The as-obtained precipitates were dried at 70°C to obtain the final product.
Electrode preparation for electrochemical testing
The working electrodes were prepared by mixing the as-prepared h-MoO 3 powder (85%), carbon black (10%) and polyvinylidene fluoride (PVDF) (5%) into a 5 ml glass vial containing 500 µl of N-methyl-2-pyrrolidone (NMP), under magnetic stirring to make a slurry. 20 µl of this slurry was coated onto a current collector (graphite paper, 1 cm 2 ) and dried in a laboratory oven at 100°C. The loading mass was measured to be 0.95 ± 0.05 mg, for all three samples. Electrochemical testing was carried out in an aqueous solution of H 2 SO 4 (1 M) in a potential window of 0.05 V to 0.65 V vs. Ag/AgCl.
Structural characterization
The samples were characterized using powder X-ray diffractometer (Shimadzu XRD -6000, Cu Kα radiation λ = 1.54 Å; power 2 kW) at a scan rate of 1°min −1 in the 2θ range of 10°-60°. Field emission scanning electron microscopy (FESEM; JEOL, JSM 7600F thermal FEG, JSM 6340F cold cathode FEG) and transmission electron microscopy (TEM; JEOL, JEM 2010 and JEM 2100F) was used to evaluate the morphology of the samples. Thermal analysis was done using thermal gravimetric analysis (TGA) (Q 500, max. temperature 900°C), and IR spectroscopy (Perkin Elmer, Model Spectrum GX) was used to obtain information about the state of the bonds present. X-ray photoelectron measurements (XPS) were carried out using a VG ESCALAB 220I-XL spectrometer with a twin monochromated Al Kα X-ray source (1486.6 eV) at a constant dwell time of 50 ms and a pass-energy of 50 eV. CasaXPS peak fitting software was used to perform curve fitting. The physical surface area (Brunauer-Emmett-Teller) and pore size distribution were measured using a Tristar-II surface area and porosity analyser. Electrochemical measurements were carried out using Solartron, S1470E electrochemical interface and AutoLab PGSTAT 30 potentiostat. A three electrode cell was used for electrochemical testing, in which graphite paper coated with active materials, platinum sheet and saturated Ag/ AgCl were employed as the working, counter and reference electrodes, respectively, in an aqueous electrolyte (1 M H 2 SO 4 ). Electrochemical impedance spectroscopy (EIS) measurements were carried out by applying an AC voltage with 1 mV amplitude in a frequency range from 100 mHz to 100 kHz at open circuit potential (OCP).
Results and discussion
Structural characterization
The crystallographic phases of the as-prepared samples were evaluated using X-ray diffraction (XRD), as shown in Fig The morphology of the as-prepared h-MoO 3 nanostructures was evaluated using FESEM, as shown in Fig. 2 . Fig. 2 (a)-(c) depict pyramidal nanorods, prismatic nanorods and the hexagonal nanoplate-like morphology of the samples prepared using 100 mg, 150 mg and 250 mg of HMTA, respectively. The typical diameter of pyramidal nanorods was about 400 and 100 nm at the base and tip, respectively, while the diameter of prismatic nanorods was about 350 nm. The length and thickness of the hexagonal nanoplates were about 1 µm and 80 nm, respectively. The effect of the concentration of ammonium ions on the nucleation and growth is critical in controlling the morphology of the as prepared nanostructures, as explained in our previous report using thiourea as the source of the ammonium ions. 32 The concentration of HMTA or ammonium (NH 4 + ) ions is essential to control the morphology of the final products. HMTA is a non-ionic, hetero-cyclic organic compound with the chemical formula (CH 2 ) 6 N 4 , which eventually dissociates into NH 4 + and OH − ions upon hydrolysis under the ambient conditions. 35 The reaction of molybdenum (Mo) powder with the hydrogen peroxide (H 2 O 2 ) generates a variety of species attached to 1 to 6 peroxide groups. 36, 37 The attachment of the peroxide groups to the molybdic units strongly depends on the pH of the medium. A yellow peroxomolybdic solution was obtained in the acidic medium ( pH ∼ 1-1.5), which mainly consists of monomer-and dimer-peroxo species, 2 }] 2− and other even more complex poly-peroxo species. 38 The chemistry of the HMTA with the peroxomolybdic acid solution generates the nuclei and forms the lattice of molybdenum trioxide (MoO 3 ) in the hexagonal phase. The interaction of NH 4 + and OH − ions (hydrolysed product of HMTA) with the peroxomolybdic species can be expressed according to the following reaction (1): , as the course of reaction proceeds. The surfaces of the as-prepared hexagonal nanoplates were found to be extremely rough or defective, which could probably due to the dissolution of the product formed by Mo 6−x ions. This phenomenon was not prevalent during the formation of pyramidal and prismatic nanorods due to a relatively low amount of NH 4 + ions in the reaction.
The morphologies of the as-obtained nanostructures were further characterized by TEM. Fig. 3 (a)-(c), unambiguously depict the pyramidal nanorods, prismatic nanorods and hexagonal nanoplate-like morphology, respectively, which are consistent with FESEM analysis. Fig. 3(d )-(f ) show the HRTEM micrographs of pyramidal nanorods, prismatic nanorods and hexagonal nanoplates, respectively. The spacings between two neighbouring fringes were found to be 0.21 nm and 0.18 nm, as can be seen in Fig. 3(d) and (e), corresponding to the d-spacing of the (221) plane and (002) plane of h-MoO 3 , respectively. The growth direction of the bulk of pyramidal nanorods was found similar to the prismatic nanorods (ESI, Fig. S1 †) . The interplanar spacings in hexagonal nanoplates were related to the (101) and (210) planes of h-MoO 3 , as shown in Fig. 3(f ) . Furthermore, the selected area electron diffraction (SAED) and fast Fourier transformation (FFT) patterns ( Fig. 3(g The chemical purity and thermal stability of pyramidal nanorods, prismatic nanorods and hexagonal nanoplates were evaluated using TGA. Fig. 4 shows the typical characteristics of the ammonium ion-assisted formation of h-MoO 3 . 32 The amount of water and ammonia molecules was calculated to be 3.4%, 1.3% for pyramidal nanorods, 4.5%, 2.5% for prismatic nanorods and 3.35%, 4.95% for hexagonal nanoplates, respectively, taking their weight loss characteristics into account. The weight losses in the temperature range of 150°C-300°C and 300°C-450°C for all three samples correspond to the removal of water and ammonium molecules, respectively.
The major weight losses of the material occur at 760°C, 698°C and 670°C for pyramidal nanorods, prismatic nanorods and hexagonal nanoplates, respectively. The weight loss at different temperatures suggests that the stability of the MoO 6 octahedra decreases from pyramidal nanorods to prismatic nanorods to hexagonal nanoplates. Approximate formula units (NH 4 Fig. S2 and Table S2 . † XPS measurements were performed to analyse the valance state and chemical shift of Mo and N atoms in all three types of samples. Fig. 5 (a)-(c) show the XPS spectra of Mo atoms in pyramidal nanorods, prismatic nanorods and hexagonal nanoplates, respectively. Fig. 5 (a)-(c) consist of two peaks which correspond to spin orbit doublets of Mo 6+ (3d 5/2 ) and Mo 6+ (3d 3/2 ). 40 The Mo 6+ (3d 5/2 ) and Mo 6+ (3d 3/2 ) peaks are centred at 235.4 eV and 238.5 eV for pyramidal nanorods, 234.9 eV and 238.2 eV for prismatic nanorods, and 234.2 eV and 238 eV for hexagonal nanoplates. With respect to the binding energies of the deconvoluted Mo 6+ peaks in pyramidal nanorods, a negative shift of about 0.5 eV and 0.7 eV in the binding energies is identified for prismatic nanorods and hexagonal nanoplates, respectively. This shift in the binding energies indicates that the valance state of Mo decreases from pyramidal nanorods to prismatic nanorods to hexagonal nanoplates. Besides a shift in binding energies, the integrated intensity of the deconvoluted Mo 6+ peaks decreases from pyramidal nanorods to hexagonal nanoplates, which suggests that the pyramidal nanorods possess a higher content of Mo 6+ . The change in the binding energies can be ascribed to the change in the NH 4 + content in all three samples. To verify this change in NH 4 + content, XPS analyses of N 1s atoms were performed, as depicted in Fig. 5(d-f ). The N 1s peak for all three samples centred at 401 eV originates from NH 4 + ions. 41 The integrated intensity of N 1s increases comparing the spectra from pyramidal nanorods to prismatic nanorods to hexagonal nanoplates, which indicates that the hexagonal nanoplates possess a higher loading amount of NH 4 + ions. Due to the relatively high loading amount of NH 4 + ions in hexagonal nanoplates, the binding energies of deconvoluted Mo 6+ peaks are found less positive than that of the pyramidal nanorods. A shake-up satellite peak for all three samples is identified at about 404 eV that could be due to nonstoichiometric NH 4 + ions generated by N-O complexes, but not much is known about them. 42 The relative amount of these oxidized nitrogen complexes is found to be much smaller than that of the N-H complexes. XPS analyses show the same trend in the amount of NH 4 + ions as revealed by TGA and IR analyses.
Electrochemical testing of the samples
It is widely accepted that the electrochemical properties of the materials can be altered by tuning the morphology and size of the materials. [43] [44] [45] The electrochemical measurements of h-MoO 3 with three different morphologies, i.e., pyramidal nanorods, prismatic nanorods and hexagonal nanoplates, for supercapacitor application, were carried out in a three electrode cell configuration using 1 M H 2 SO 4 solution. Cyclic voltammograms (CVs) of pyramidal nanorods, prismatic nanorods and hexagonal nanoplates were carried out at scan rates of 1-50 mV s −1 , as shown in Fig. 6(a) and (b), respectively. The strong redox peaks in CVs of h-MoO 3 with different morphologies indicate that the charges are stored in association with the faradic redox reactions. 46 ,47 A slight shift in the peak potential signifies the effect of morphologies on the electrochemical activities of the electrode materials. 43, 48 The origin of this polarization lies in the fact that the reaction potential (over potential) is extremely sensitive towards the activity of the surfaces. From the electrochemical measurements, we found that the pyramidal nanorods exhibit superior charge- (2):
The intercalation of H + ions into the h-MoO 3 is favoured by the redox centres (Mo 6+ ions), which are located at the various intercalation sites, i.e., hexagonal window (HW), hexagonal cavity (TC) and square window (SW), in the framework of h-MoO 3 . These intercalation sites are available in the range of potentials, i.e., 0.1 ≤ V ≤ 0.3 (SW), 0.3 ≤ V ≤ 0.6 (TC) and V ≥ 0.7 (HW).
It is commonly believed that the proton conduction in hydrated compounds occur via the Grotthuss (H 2 type mechanism facilitated by the water molecules or proton carriers. 10, 49 In our case, due to the availability of proton carriers (Vehicle), i.e., NH 4 + and H 2 O molecules, the chargestorage mechanism may favour the Vehicle mechanism of proton transportation. Vehicle mechanism is readily encountered in aqueous solutions, liquid/melts and solids. In solids, Vehicle mechanism is usually limited to the materials with layered or open-structures. 50 It is believed that the compounds with a smaller amount of water molecules (<2 H 2 O) conduct protons by Vehicle mechanism. 51 Here, we considered that the charge-storage mechanism in h-MoO 3 does not rely on the Grotthuss mechanism of proton transportation due to the open-structure of h-MoO 3 , a small amount of water molecules and the availability of proton carriers (NH 4 + and H 2 O).
Additionally, in the crystal structure of h-MoO 3 (shown in the ESI, Fig. S3 †) , water molecules are coordinatively attached with the octahedral units, which do not favour the formation of Zundel (H 5 O 2 + ) cations (essential for the Grotthuss mechanism). 52 Therefore, the charge-storage mechanism in h-MoO 3 is more likely facilitated by Vehicle mechanism of proton transportation. The scan rate response of the as-prepared electrodes was also carried out at different scan rates (1 mV s −1 to 100 mV s −1 ), as depicted in Fig. 6(c) . The anodic and cathodic peak currents (in a potential window of 0.4 V to 0.6 V) increase linearly with the increase in scan rates (CVs are shown in the ESI, Fig. S4 †) . Additionally, linear dependence of the peak currents (I cathodic and I anodic ) on the square root of the scan rate (ν 1/2 ) describes the process as a diffusion controlled electron transfer process. 46, 47 The slope of curves, shown in Fig. 6(c) , can be used to estimate the diffusion coefficient (D) of the redoxspecies (H + ions) using the Randle Sevcik equation (3), 46 and this relationship can also be used to evaluate the electrochemical surface area of the electrode: 54
where I p is the peak current, n is the number of the electrons involved in the reaction (n = 1), A is the area of the electrode (cm 2 ), C is the concentration of the redox-species (1 M), D is the diffusion coefficient of H + ions in MoO 3 (1.55 × 10 −10 cm 2 s −1 ), 53 and ν is the scan rate. When the peak currents are plotted as a function of scan rates, then the electrochemically active surface area of the electrodes will be directly proportional to the slope of the cathodic or anodic peak currents vs. the scan rate curves, as shown in Fig. 6(c) . Thus, the electrochemically active surface area of the pyramidal nanorods is found to be about 1.5 times the area of prismatic nanorods and about 2 times the area of hexagonal nanoplates. It is noteworthy that the BET surface area (ESI, Fig. S5 †) of pyramidal nanorods (2.2 m 2 g −1 ) and prismatic nanorods (1.92 m 2 g −1 ) is commensurate with the electrochemically active surface area (with similar pore size of 15 nm and 20 nm for pyramidal nanorods and prismatic nanorods samples, respectively). However, the hexagonal nanoplate sample with a higher BET surface area (7.86 m 2 g −1 ) and larger pore size (∼40 nm) does not translate to an electrochemically active surface area, likely due to the ineffective bonding of electrolyte ions at the pore walls with reduced electric field that leads to sluggish redox reactions. 55 Therefore, it is evident from the peak current vs. scan rate analysis that the pyramidal nanorods exhibit a larger electrochemical active area, which results in improved electrochemical performance. Fig. 7(a) shows the galvanic charge/discharge curves of pyramidal nanorods, prismatic nanorods and hexagonal nanoplates at an applied current density of 0.25 A g −1 (charge/ discharge curves at higher current densities are shown in the ESI, Fig. S6 †) . The non-linearity associated with the charge/discharge curves further confirms the pseudocapacitive response of the as-prepared h-MoO 3 nanostructures. The specific capacitance (C sp ) of the as-prepared electrodes can be calculated from charge/discharge curves using eqn (4):
where I, A, and ΔV are the current density at which charges/discharges are obtained, area of the electrode and voltage interval of the discharge, respectively. The change in slope of the discharge curves is attributable to the redox reaction, as can be seen in CVs as well ( Fig. 6(a) and (b) ). 56 The specific capacitance of pyramidal nanorods, prismatic nanorods and hexagonal nanoplates is calculated to be 230 F g −1 , 160 F g −1 and 103 F g −1 , respectively, at an applied current density of 0.25 A g −1 .
Due to relatively high loading amount of Mo 6+ ions as well as a larger electrochemically active surface area, an improvement in the specific capacitance of pyramidal nanorods is realized. The attainable charge-storage capacity of pyramidal nanorods is distinctly better than that of α-MoO 3 nanorods, nanowires and nanoribbons. 57, 58 A comparison of the electrochemical performance of our electrode material with the α-MoO 3 is shown in the ESI, Table S3 . † We assert that the exposure of desirable crystallographic planes is of paramount importance. The hexagonal framework of MoO 3 resembles the hexagonal framework of WO 3 . 59 The amount of the stabilizing ions, i.e., ammonium ions, occupancies in the hexagonal framework affects the available intercalation sites and therefore the electrochemical performance. The h-MoO 3 framework is constructed by MoO 6 octahedra sharing the equatorial oxygen in the ab plane and stacks along the c axis by sharing MoO 6 octahedra. The hexagonal framework contains three different intercalation sites, i.e., hexagonal window (HW), trigonal cavity (TC) and four-coordinated square window (SW) running along the c axis, and these intercalation sites are available for the guest ions, 60 as shown in Fig. 7(b) 60 In our case, pyramidal nanorods are constructed by the (100) and (110) planes (shadow plane in the atomic representation, Fig. 7 (b)-(ii) and (iii)), representing their base and tip plane, respectively, while prismatic nanorods possess only (100) planes (shadow plane in the representation, Fig. 7 (b)-(ii)). The coexistence of the (110) plane and the (100) plane in the case of pyramidal nanorods offers an additional degree of freedom to electrolyte ions for intercalation into the TC and SW sites. 60 The existence of two distinct redox peaks in the CV analysis signifies the intercalation into the SW (0.1 ≤ V ≤ 0.3) and TC (0.3 ≤ V ≤ 0.6) sites; similar behavior was also identified in structurally identical Na doped V 2 O 5 . 9 The improved current with distinct redox peaks in the case of pyramidal nanorods can be considered a consequence of this process, as can be seen in Fig. 6(a) . The persistence of redox peaks even at a higher scan rate (50 mV s −1 ), Fig. 6(b) , indicates the ease of intercalation into pyramidal nanorods due to the reasons discussed above. A pitiable capacitive charge-storage performance of hexagonal nanoplates originates from not only a higher content of ammonium ions within the framework but also the plane exposed by hexagonal nanoplates. The (121) plane of hexagonal nanoplates predominantly exposes HW and TC sites, which are partially occupied by NH 4 + ions. The shadow plane in Fig. 7(b )-(iv) shows the (121) plane of h-MoO 3 . The availability of SW sites in hexagonal nanoplates gives rise to the strong redox peaks (0.22 V/ 0.39 V) and is attributed to the lack of appropriate TC sites, a set of faint or depressed redox peaks appeared at 0.45 V/0.49 V, as can be seen in Fig. 6(a) . The cycling stability of h-MoO 3 with various morphologies ( pyramidal nanorods, prismatic nanorods and hexagonal nanoplates) is evaluated by the cyclic voltammetry (CV) test, at a scan rate of 50 mV s −1 in 1 M H 2 SO 4 electrolyte solution, as shown in Fig. 7(c) . A capacitance of 74%, 65% and 62% of the initial value is retained for pyramidal nanorods, prismatic nanorods and hexagonal nanoplates after 3000 cycles of continuous charge/discharge. This is attributable to the increase in the contact resistance that comes from poor contact (between the current collector and active materials) upon expansion/contraction of the active material (due to ingress/ digress of electrolyte ions). 54, 56 Despite achieving good cycling stability, an early stage (∼300 cycles) degradation (12%) of capacitance is observed in pyramidal nanorods. To address the early stage degradation in the capacitance of pyramidal nanorods, an h-MoO 3 electrode without addition of carbon black and PVDF was subjected to 300 cycles. It is evident from the FESEM micrographs (ESI, Fig. S7(a) and (b) †) that the initial stage degradation is caused by breakage of pyramidal nanorods. The framework of metal oxides may collapse during ingress/digress of electrolyte ions. 57 Due to a relatively high intake of electrolyte ions in pyramidal nanorods, a small number of Mo 5+ ions comes out from the framework (caused by the mobile Mo 5+ ions). The excess negative charge of the system ( produced by the removal of Mo 5+ ions) is compensated by electrolyte ions (H + ) and results in the framework being subjected to stress. Eventually, the framework of the nanorods breaks at the low energy site (neck of the nanorods) and isolates the tip and base of pyramidal nanorods. Due to formation of the abundant active sites at the tip as well as at the base of the nanorods (broken pyramidal nanorods), a long term cycling stability of the sample was realized, as shown in Fig. 7(c) .
The benefit of h-MoO 3 with pyramidal shape becomes more apparent when Electrochemical Impedance Spectroscopy (EIS) is used to evaluate the charge transfer and electrode kinetics of h-MoO 3 . The Nyquist plot in Fig. 7(d) shows the charge transfer characteristics of pyramidal nanorods, prismatic nanorods and hexagonal nanoplates in the higher and lower frequency regions. The semicircle in the high frequency region (as shown in the inset of Fig. 7(d) ) signifies the charge transfer resistance associated with the faradic reactions. To determine the parameters (R s , C dl , R c and Z d ) of EIS, a Randles circuit diagram was used, as presented in the inset of Fig. 7(d) . The values of the parameters are listed in Table 1 . Pyramidal nanorods give a low intercept value (5. 03 Ω) on the real axis (X-axis), which indicates its low internal resistance (solution resistance and uncompensated resistance) in comparison to prismatic nanorods (5.79 Ω) and hexagonal nanoplates (6.31 Ω). The slight kinks (dotted circle in the inset of Fig. 7(d) ) in the high frequency region of the Nyquist plot (for pyramidal and prismatic nanorods) are likely due to the adsorption of electrolyte ions with the surface of the nanorods. Due to the adsorption of electrolyte ions with the surface of the nanorods, generation of a new resistive element in the series with the charge transfer resistance takes place. In the low frequency region, the sloping lines are related to the diffusion resistance (Warburg resistance), when the ions enter into the interior of the host material. However, in the very low frequency region ( f < 10 Hz) the resistance of h-MoO 3 in pyramidal morphology increased slightly (due to sluggish redox reactions), as evaluated by Bode plot (shown in the ESI, Fig. S8 †) .
Conclusions
In summary, we have demonstrated a facile approach to control the desirable morphology of h-MoO 3 nanostructures. By rationally controlling the amount of HMTA, h-MoO 3 with pyramidal nanorod, prismatic nanorod and hexagonal nanoplate-like morphologies are achieved, with an approximate molecular formula unit of (NH 4 56 , respectively. The as-synthesized h-MoO 3 in pyramidal morphology exhibited high specific capacitance (230 F g −1 ) compared to prismatic nanorods (160 F g −1 ) or hexagonal nanoplate morphology (103 F g −1 ) at an applied current density of 0.25 A g −1 . The coexistence of the (100) and (110) planes with pyramidal morphology exposes various intercalation sites (HW, SW and TC) for the intercalation of electrolyte ions. The ammonium ions not only stabilize the hexagonal framework, but also facilitate the mechanism of chargestorage (by the Vehicle mechanism of proton transportation). This unique strategy to enhance the electro-kinetics leads to increase in the charge-storage capacity of MoO 3 . This represents the first attempt to prepare h-MoO 3 for electrochemical capacitors, offering possibilities in catalytic, sensing and solar applications.
